I. INTRODUCTION
Dynamic high-temperature x-ray diffraction ͑HTXRD͒ analysis can be an efficient means of evaluating the rates and reaction pathways ͑i.e., the order of appearance of crystalline phases͒ of gas/solid reactions. [1] [2] [3] [4] [5] While commercial HTXRD systems are commonly used to evaluate the kinetics and phase evolution associated with reactions involving reactant gases that can exist as stable gas species at room temperature and ambient pressure ͑e.g., oxidation of nanosized Al, Fe, and Cu powders in air; 1 oxidation of a Ni-Cr-Al alloy in a flowing O 2 / He mixture; 2 oxidation of CaS and SrS in air; 3 reduction in Fe 2 O 3 in flowing hydrogen, 4 and oxidation of a Cu-Zn alloy in air͒, 5 these systems have not been designed to allow for the generation and containment of corrosive gases formed by the heating of solid or liquid precursors ͑i.e., for cases in which the reactant gas does not possess an appreciable vapor pressure at room temperature͒. New designs are needed for sealed, x-ray transparent reaction chambers that allow for: ͑i͒ the internal generation of such hot reactive gases from condensed precursors and ͑ii͒ the complete confinement of such reactant gases with solid reactants, both at sufficient temperatures and times as to allow for dynamic HTXRD analysis of the reaction kinetics and phase evolution.
Chemical modification of oxides via use of displacement reactions with halide gases has been examined by several authors. [6] [7] [8] [9] [10] [11] [12] [13] [14] For example, Unocic et al. 6 and Lee et al. 7 have demonstrated that SiO 2 templates with complex threedimensional ͑3D͒ shapes can be converted into TiOF 2 replicas via metathetic reactions of the following type with TiF 4 ͑g͒ at 350°C, 2TiF 4 ͑g͒ + SiO 2 ͑s͒ ⇒ 2TiOF 2 ͑s͒ + SiF 4 ͑g͒, ͑1͒ 3TiF 4 ͑g͒ + 2SiO 2 ͑s͒ ⇒ 3TiOF 2 ͑s͒ + Si 2 OF 6 ͑g͒, ͑2͒
TiF 4 ͑g͒ + SiO 2 ͑s͒ ⇒ TiOF 2 ͑s͒ + SiOF 2 ͑g͒. ͑3͒ These TiOF 2 replicas may then be converted into TiO 2 ͑via reaction with flowing oxygen or water vapor at Ͻ600°C͒, 6, 7 and further into BaTiO 3 ͑via hydrothermal reaction with a barium hydroxide-bearing solution at 100°C͒ 10 for chemical, optical, or electronic applications. While the reaction conditions required to completely convert intricate, 3D SiO 2 templates ͑i.e., the microscale, nanostructured silica frustules formed by diatoms, a type of aquatic algae͒ into TiOF 2 ͑SiO 2 -free͒ replicas with excellent morphological preservation have been identified, the kinetic mechanism͑s͒ associated with such shape-preserving, halide/oxide displacement reactions is͑are͒ not well understood. Dynamic HTXRD analyses could be an effective means of evaluating the kinetics of reaction of SiO 2 with TiF 4 ͑g͒ over a range of temperatures. However, such HTXRD analyses are complicated by the need to generate TiF 4 gas at elevated temperatures, and to confine this hot reactive gas in the vicinity of the SiO 2 a͒ Author to whom correspondence should be addressed. Electronic mail: ken.sandhage@mse.gatech.edu. reactant for a sufficient time as to be able to evaluate the progress of reaction.
REVIEW OF SCIENTIFIC INSTRUMENTS
Prior work by Haluska and co-workers 15, 16 has demonstrated that HTXRD analyses of a displacement reaction between Mg͑g͒ and SiO 2 ͑s͒ may be conducted by confining these reactants within an externally heated graphite reaction chamber. By machining the graphite sidewalls of these reaction chambers to thicknesses of 1-2 mm, appreciable transmission ͑61.5%-78.5%͒ of Mo K␣ x-rays could be achieved through both sidewalls. 15, 16 However, initial HTXRD experiments conducted using those chambers and Mo K␣ x-rays to evaluate the reaction between TiF 4 ͑g͒ and SiO 2 ͑s͒ yielded diffraction patterns with significant overlap of the most intense ͑100͒ diffraction peak of the TiOF 2 product phase and a graphite diffraction peak generated from a chamber sidewall. While the use of Cu K␣ x-rays instead of Mo K␣ x-rays would have resulted in a shifting of those diffraction peaks to higher values of 2 with less peak overlap, the transmission of Cu K␣ x-rays through both 1-2 mm thick sidewalls was appreciably reduced ͑down to 2.2%-14.7%͒ relative to Mo K␣ x-rays. Attempts to machine the graphite sidewalls to thicknesses well below 1 mm resulted in routine fracturing of the dense graphite.
Kim and co-workers 17, 18 have used HTXRD analyses to evaluate the reaction of Se͑g͒ with Cu-Ga͑s͒ or with Cu-In͑s͒ at 260-400°C or 230-330°C, respectively. These authors used assemblies involving a graphite dome or an aluminum foil cover to minimize the escape of selenium gas during such analyses. While these assemblies did allow for HTXRD analyses of selenization kinetics, such assemblies were not gas tight.
The purpose of this paper is to describe the development of an inexpensive, gas tight, externally heated, x-ray transparent reaction chamber for use in the HTXRD analyses of displacement reactions between a solid oxide and a halide gas, wherein the latter gas reactant is generated and confined within the reaction chamber at an elevated temperature. This new chamber design, involving the use of thin composite FIG. 1. ͑Color online͒ ͑a͒ Schematic illustration ͑side view of cross section͒ of the reaction chamber. Optical images of: ͑b͒ the reaction chamber at various stages of assembly, ͑c͒ the crucible for containing the TiF 4 ͑s͒ powder ͑left͒ and the lid ͑right͒ containing a solid SiO 2 powder specimen and an Al 2 O 3 bar ͑XRD reference͒, ͑d͒ the SiO 2 -bearing lid resting on top of the TiF 4 -bearing crucible inside the main chamber body, and ͑e͒ the sealed reaction chamber resting on a thermocouple-bearing ceramic pedestal prior to insertion in the furnace of the HTXRD system. windows that are transparent to Cu K␣ x rays, has been demonstrated by using HTXRD analysis to track the extent of reaction of SiO 2 with TiF 4 ͑g͒ at Յ350°C.
II. REACTION CHAMBER DESIGN
A reaction chamber was developed to allow for the HTXRD analyses of the metathetic reaction of SiO 2 ͑s͒ with TiF 4 ͑g͒ at 160-350°C for 1-24 h. A schematic drawing of the reaction chamber design is shown in Fig. 1͑a͒ . The chamber consisted of two thin x-ray transparent windows secured to the open sides of a box-shaped main body. For reasons discussed below, composite windows comprised of an external layer of 125-m-thick Kapton film and an internal layer of the 13-m-thick Al foil were used. The box-shaped main body ͑25 mm tallϫ 25 mm wideϫ 16 mm deep͒ of the reaction chamber was machined from an aluminum 6061 alloy ͑McMaster-Carr, Atlanta, GA͒. Each of the Al/Kapton foil composite windows was securely attached to this body with the aid of a 2-mm-thick stainless steel ͑type 316, McMaster-Carr͒ window frame and 8 stainless steel screws ͓see Fig. 1͑b͔͒ . Prior to attachment of a given window and window frame, the mating surface of the main body was polished flat using 1200 grit SiC impregnated paper ͑Buehler, Ltd., Lake Bluff, IL͒.
The TiF 4 ͑s͒ powder ͓the precursor to the TiF 4 ͑g͒ reactant͔ was placed within a crucible ͓15 mm long ϫ 15 mm wideϫ 3 mm tall, Fig. 1͑c͔͒ that was cut and formed from nickel foil ͑McMaster-Carr͒. The solid SiO 2 specimens ͑diatom frustules or Stöber silica spheres͒ were placed on a nickel lid that rested loosely on top of the nickel crucible ͓Fig. 1͑d͔͒; that is, gaps were present between the lid and the crucible that allowed for TiF 4 ͑g͒ transport from the TiF 4 powder bed to the SiO 2 specimens. The lid was prepared by folding a piece of nickel foil back onto itself so as to generate a rectangular ͑1 mm deepϫ 2 mm wide͒ cavity on the top surface. A rectangular alumina bar ͑99% purity, Coorstek, Golden, CO͒ was placed into this cavity ͓Fig. 1͑c͔͒ for use as an internal XRD reference.
III. HTXRD EXPERIMENTS
In a typical HTXRD experiment, 150 mg of solid TiF 4 powder ͑99% purity, Advanced Research Chemicals, Catoosa, OK͒ was loaded into the nickel crucible. A few drops of an aqueous suspension containing the silica specimens were then spread onto the nickel lid and allowed to dry, so as to yield about 15 mg of silica on the surface of the nickel lid ͓Fig. 1͑c͔͒. The corresponding molar TiF 4 : SiO 2 reactant ratio ͑4.9:1͒ was well in excess of that required for complete consumption of the silica within the reaction chamber by metathetic reactions ͑1͒-͑3͒. Two types of silica powder specimens were examined: Aulacoseira sp. diatom frustules ͑obtained as diatomaceous earth filter material, Recreational Water Products, Stockdale, GA͒ and Stöber silica spheres ͑1.4 m diameter, Fiber Optic Research Center, Inc., New Bedford, MA͒. Secondary electron images of these starting silica specimens are shown in Fig. 2 . After placing the SiO 2 -bearing lid and underlying TiF 4 -bearing crucible in the reaction chamber, the windows and window frames were then secured within an Ar atmosphere glove box ͑Model Omni-Laboratory, Vacuum Atmosphere, Hawthorne, CA͒ maintained at an oxygen partial pressure below 0.1 ppm. The sealed reaction chamber was placed on a ceramic pedestal ͓Fig. 1͑e͔͒ and loaded into a furnace ͑Model HTK 1200 oven, Anton-Paar, Graz, Austria͒ within the HTXRD system ͑X'Pert PRO MPD diffractometer, PANalytical B.V., Almelo, The Netherlands͒. The reaction chamber was then heated at a rate of 60°C / min to the desired reaction temperature ͑in the range of 160-350°C͒ and then held at this temperature for up to 24 h. Diffraction analyses were conducted with a Cu K␣ x-ray radiation source, using a W/Si multilayered focusing ͑Göbel͒ mirror attached to the incident beam path to create a high intensity parallel beam so as to achieve a high signal-to-noise ratio. The diffraction scans were conducted over the 2 range of 18°-27°at a rate of 9.8°/min. The peak profile data acquisition was conducted using a solid-state, position-sensitive ultrafast detector ͑X'Celerator, PANalytical, Almelo, The Netherlands͒. A divergence slit of 1/2°was used in the incident beam path. A 6.6 mm antiscatter slit ͑located halfway between the sample and the detector plane͒ and 0.02 rad Soller slit were used in the diffracted beam path ͑note: the diffracted beam path length was 240 mm͒. The temperature inside the reaction chamber was calibrated ͓for comparison to the value obtained from the thermocouple embedded in the ceramic pedestal, Fig. 1͑e͔͒ by using the differential thermal expansion method of Drews.
19
A mixture of ␣-Al 2 O 3 and Ag powders ͑both 99.9% purity, Alfa Aesar, Ward Hill, MA͒ was placed on the nickel lid over the nickel crucible and then sealed within the reaction chamber. As per the Drews method, shifts in the relative positions of ␣-Al 2 O 3 and Ag XRD peaks were used to evaluate the difference in lattice spacings of ␣-Al 2 O 3 and Ag as a function of temperature ͑from 65-375°C͒. These data, along with the known temperature dependences of the thermal expansion coefficients for ␣-Al 2 O 3 and Ag phases, 20, 21 were used to generate the calibration curve shown in Fig. 3 . The difference between the thermocouple-derived temperature ͑evaluated in the pedestal just below the chamber͒ and the diffraction-derived temperature ͑evaluated within the reaction chamber͒ was found to be within about 10°C for temperatures up to 375°C.
IV. RESULTS AND DISCUSSION
Among the criteria considered in evaluating potential window materials were: ͑1͒ transparency to Cu K␣ x-rays, ͑2͒ commercial availability in the form of an impermeable ͑closed porosity͒ thin foil or film at low cost, ͑3͒ thermal stability ͑i.e., for prolonged heat treatments up to 350°C͒, and ͑4͒ mechanical stability ͑i.e., to withstand the pressure of the gas generated within the chamber͒. Given these constraints, Kapton ͑a high temperature, x-ray compatible polyimide [22] [23] [24] ͒ and aluminum were attractive candidate materials, owing to their widespread availability in the form of impermeable and inexpensive thin films/foils capable of use at up to 350°C. As indicated in Table I , the transparencies of commercially available 125-m-thick Kapton film and 13-m-thick Al foil to Cu K␣ x-rays were comparable to, or better than, 1-mm-thick plates of dense graphite, beryllium, or boron. While beryllium foil is certainly more transparent than Kapton film or aluminum foil of the same thickness, the relatively high cost of beryllium foil and the issue of safe handling make Kapton film and aluminum foil particularly attractive as Cu K␣ x-ray window materials.
HTXRD experiments were first conducted with Cu K␣ x-rays by using a monolithic Kapton ͑125 m thick͒ film as a transparent window material for the reaction chamber. During an initial experiment at 300°C, the overall measured intensities of the diffraction peaks ͑and the background intensity͒ were observed to progressively decrease as reaction time increased, which indicated that the x-ray transparency of the Kapton film was gradually degraded by reaction with TiF 4 ͑g͒. After cooling down to room temperature, the surface of the Kapton film exposed to the TiF 4 ͑g͒ was observed to have turned black and opaque to visible light ͑note: the starting Kapton film was orange in color and visibly transparent͒. In order to avoid the chemical degradation of the Kapton film by reaction with TiF 4 ͑g͒, the window design was modified by placing a thin foil of aluminum inside the Kapton film. With this design, the Al foil could act as a reaction barrier with a modest reduction in x-ray transparency; that is, two composite windows of 125-m-thick Kapton and 13-m-thick Al should still enable transmission of 57.3% of impinging Cu K␣ x-rays ͑versus 81.5% for two monolithic 125-m-thick Kapton windows͒. A room-temperature XRD pattern obtained by passing Cu K␣ x-rays through the composite Kapton/Al windows in a fully assembled reaction chamber containing the SiO 2 diatom frustule specimens is shown in Fig. 4͑a͒ . The XRD pattern reveals predominant peaks for the cristobalite polymorph of silica ͑present in the starting diatom frustules͒, alumina ͑from the internal bar reference͒, nickel ͑from the underlying lid͒, and aluminum. [30] [31] [32] [33] The aluminum peak was generated by diffraction of the impinging Cu K␣ x-ray beam on the vertical aluminum foil in the composite window ͑note: this aluminum peak was slightly shifted to a higher 2 location than indicated by the powder diffraction file, 29 because the incoming beam impinged on the front window at a higher vertical position than the centered specimen position on the surface of the nickel lid͒. The aluminum diffraction peaks at higher 2 locations were absent because the diffracted beam was absorbed by the top side of the chamber main body. ͑Note: The aluminum diffraction peak could be avoided by further x-ray collimation. A smaller diffracted beam antiscatter slit, or an additional beam mask, could be used to block these aluminum diffracted x-rays from reaching the detector.͒ A representative series of sequential HTXRD patterns obtained at 180°C with the use of this fully assembled reaction chamber are shown in Fig. 5 . Over the examined 2 range of 18°-27°, diffraction peaks for cristobalite SiO 2 , TiOF 2 , and ␣-Al 2 O 3 could be clearly detected. [30] [31] [32] 34 The relative intensities of the diffraction peaks for the SiO 2 reactant and the TiOF 2 product peak decreased and increased, respectively, with increasing reaction time at 180°C. The gradual, monotonic changes in the relative intensities of the SiO 2 and TiOF 2 diffraction peaks in Fig. 5 indicated that the reaction of these SiO 2 specimens with TiF 4 ͑g͒ generated within the closed, heated reaction chamber could be carefully tracked with time by HTXRD analyses. After a total reaction time of 6 h at 180°C, the chamber was allowed to cool to room temperature whereupon a XRD pattern over the larger 2 range of 18°-62°͓Fig. 4͑b͔͒ was obtained. Only diffraction peaks   FIG. 6 . Secondary electron images of ͑a͒ Stöber silica spheres and ͑b͒ Aulacoseira sp. diatom frustules after complete conversion into nanocrystalline TiOF 2 at 200°C and 180°C, respectively, within the sealed HTXRD reaction chamber. Corresponding energy dispersive x-ray analyses of the fully converted Stöber silica spheres and Aulacoseira sp. diatom frustules are shown in ͑c͒ and ͑d͒, respectively. generated by the TiOF 2 product, the ␣-Al 2 O 3 reference, the underlying Ni lid, and the front Al foil in the composite window were detected. Although thermodynamic data 35 indicate that Al and Ni can undergo the following displacement reactions with TiF 4 ͑g͒, the absence of diffraction peaks for AlF 3 ͑s͒ and NiF 2 ͑s͒ in Fig. 4͑b͒ ͑or in diffraction patterns obtained during or after experiments at 350°C for times up to 4 h͒ indicated that the rate of formation of these fluoride phases was sufficiently slow as not to be detected by, or to interfere with, HTXRD analyses, 3TiF 4 ͑g͒ + Al͑s͒ = Ͼ AlF 3 ͑s͒ + 3TiF 3 ͑s͒, 2TiF 4 ͑g͒ + Ni͑s͒ = Ͼ NiF 2 ͑s͒ + 2TiF 3 ͑s͒.
Inspection of the Al foils and Ni lid after disassembly of the reaction chambers also failed to reveal any visible evidence of reaction of these components with TiF 4 ͑g͒.
The composite Kapton/Al windows bulged outward, but did not break, during these HTXRD experiments due to the pressure associated with the internal generation of TiF 4 ͑g͒. While the inner Al foil layer prevented chemical attack of the Kapton, the outer 125-m-thick Kapton layer provided the required mechanical strength to avoid bursting of the windows ͑note: attempts to use chambers with windows comprised of only 13 m Al foil failed due to the bursting of such thin foils͒. The gas tight nature of such composite Kapton/Al windows was also confirmed by the absence of detectable weight loss of the chambers due to the leaking of TiF 4 ͑g͒ and by the presence of residual excess unreacted TiF 4 ͑s͒ in the Ni crucible after reaction experiments at 160-350°C were completed ͑note: the sublimation temperature of TiF 4 ͑s͒ is 285°C͒. 35 The data in Figs. 4 and 5 indicate that Aulacoseira sp. diatom frustules can be fully converted into TiOF 2 ͑s͒ by reaction with TiF 4 ͑g͒ within 6 h at 180°C. HTXRD experiments have also indicated that the 1.4 m diameter Stöber silica spheres could be fully converted into TiOF 2 ͑s͒ by reaction with TiF 4 ͑g͒ within 14.5 h at 180°C and 11 h at 200°C. Secondary electron images and associated energy dispersive x-ray analyses of such fully converted diatom frustules and Stöber silica spheres are shown in Fig. 6 . Comparison of the secondary electron images in Figs. 2 and 6 indicates that the overall spherical and cylindrical morphologies of these SiO 2 specimens were generally preserved after complete conversion into nanocrystalline TiOF 2 . Further HTXRD analyses with these reaction chambers are underway to evaluate the kinetics and reaction mechanisms associated with such low temperature, shape-preserving metathetic reactive conversion.
V. CONCLUSIONS
A sealed, x-ray transparent reaction chamber has been developed to enable the internal generation and confinement of a reactive halide gas so as to allow for dynamic HTXRD analyses of metathetic gas/solid reactions. The reaction chamber was comprised of an aluminum alloy box with x-ray transparent composite windows consisting of an external ͑125 m thick͒ Kapton film and an internal ͑13 m thick͒ Al foil. After sealing TiF 4 powder and SiO 2 specimens ͑diatom frustules or Stöber spheres͒ inside the reaction chamber, the chamber was externally heated to a temperature in the range of 160-350°C. Vaporization of the TiF 4 powder yielded TiF 4 ͑g͒ that migrated to, and began reacting with, the SiO 2 specimens to yield TiOF 2 . HTXRD analyses were used to track the extent of SiO 2 reaction with time by passing Cu K␣ x-rays through the Kapton/Al windows. These inexpensive composite windows exhibited the required thermal stability ͑up to 350°C͒, chemical durability ͑provided by the inner Al foil layer͒, mechanical strength ͑provided by the external Kapton film͒, and transparency to Cu K␣ x -rays to allow for such dynamic HTXRD analyses. This reaction chamber design, involving the use of composite windows comprised of layered materials selected to achieve the required combination of thermal, chemical, and mechanical properties along with x-ray transparency, may be utilized in the dynamic HTXRD analyses of a variety of metathetic gas/solid reactions.
